Background/Aims: Staphylococcus aureus (S. aureus) infections are a major clinical problem and range from mild skin and soft-tissue infections to severe and even lethal infections such as pneumonia, endocarditis, sepsis, osteomyelitis, and toxic shock syndrome. Toxins that are released from S. aureus mediate many of these effects. Here, we aimed to identify molecular mechanisms how α-toxin, a major S. aureus toxin, induces inflammation. Methods: Macrophages were isolated from the bone marrow of wildtype and acid sphingomyelinasedeficient mice, stimulated with S. aureus α-toxin and activation of the acid sphingomyelinase was quantified. The subcellular formation of ceramides was determined by confocal microscopy. Release of cathepsins from lysosomes, activation of inflammasome proteins and formation of Interleukin-1β (IL-1β) and Tumor Necrosis Factor-α (TNF-α) were analyzed by western blotting, confocal microscopy and ELISA. Results: We demonstrate that S. aureus α-toxin activates the acid sphingomyelinase in ex vivo macrophages and triggers a release of ceramides. Ceramides induced by S. aureus α-toxin localize to lysosomes and mediate a release of cathepsin B and D from lysosomes into the cytoplasm. Cytosolic cathepsin B forms a complex with Nlrc4. Treatment of macrophages with α-toxin induces the formation of IL-1β and TNF-α. These events are reduced or abrogated, respectively, in cells lacking the acid sphingomyelinase and upon treatment of macrophages with amitriptyline, a functional inhibitor of acid sphingomyelinase. Pharmacological inhibition of cathepsin B prevented activation of the inflammasome measured as release of IL-1β, while the formation of TNF-α was independent of cathepsin B. Conclusion: We demonstrate a novel mechanism how bacterial toxins activate the inflammasome and mediate the formation and release of cytokines: S. aureus α-toxin triggers an activation of the acid sphingomyelinase and a release of ceramides resulting in the release of lysosomal cathepsin B and formation of pro-inflammatory cytokines.
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Introduction
Staphylococcus aureus (S. aureus) often infects the skin and soft tissues resulting in local symptoms, e.g. purulent wound infections, but S. aureus can also cause severe infections such as pneumonia, endocarditis, osteomyelitis, sepsis, and toxic shock syndrome [1] . Most importantly, many S. aureus strains have developed resistance to available antibiotics, and in particular methicillin-resistant S. aureus (MRSA) strains constitute a major clinical problem [2] .
S. aureus release a variety of toxins that mediate many effects of this pathogen. These toxins include enterotoxins, α-toxin, hemolysin γ, and Panton-Valentine leukocidin, leukocidins, and γ-toxin [3] [4] [5] [6] [7] . These toxins trigger membrane permeabilization and damage by pore formation, induce inflammation characterized by increased vascular permeability, infiltration of neutrophils and macrophages and cytokine production or mediate cell death resulting in typical pus formation [3] [4] [5] [6] [7] . Toxins are also critically involved in the pathogenesis of systemic symptoms of S. aureus infections such as pneumonia and sepsis [5, 7] .
In vivo experiments using S. aureus mutants lacking the pore-forming α-toxin revealed that this toxin is one of the most important virulence factors of S. aureus and its deletion greatly reduces mortality of S. aureus pneumonia [7] [8] [9] . S. aureus α-toxin binds to A-disintegrin And Metalloprotease 10 (ADAM10) [10, 11] . ADAM10 is not only the eukaryotic receptor for α-toxin, but also mediates the proper assembly of the toxin, which is a pre-requisite of the integration of α-toxin into cell membranes [10] . Binding of α-toxin to ADAM10 is necessary for α-toxin-induced cytotoxicity and the disruption of epithelial and endothelial barriers [8] [9] [10] [11] . However, the molecular details of this process are unknown, in particular since a recent study demonstrated that the enzyme activity of ADAM10 is not required for at least some of the effects of α-toxin [12] .
We have previously shown that several pathogens, e.g. Neisseria gonorrhoeae, Pseudomonas aeruginosa (P. aeruginosa), S. aureus or rhinovirus activate the acid sphingomyelinase and mediate a release of ceramides in epithelial and endothelial cells, macrophages and neutrophils [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The acid sphingomyelinase is a lysosomal enzyme that is present in lysosomes and secretory lysosomes [23] [24] [25] . The fusion of secretory lysosomes with the plasma membrane results in surface exposure of the acid sphingomyelinase and a release of ceramides on the outer leaflet of the plasma membrane [25] . Ceramide molecules spontaneously aggregate and form small domains that fuse to larger ceramide-enriched membrane platforms that serve to re-organize and cluster receptors and signaling molecules [25, 26] . The generation of ceramide molecules within membranes also changes membrane properties and membrane fluidity [27] [28] [29] [30] [31] . The re-organization of receptors and associated signaling molecules mediates many of the cellular effects of ceramides [25] . In contrast to the well-characterized function of surface acid sphingomyelinase and ceramides, the role of intracellular/intralysosomal acid sphingomyelinase and ceramide is poorly characterized. Thus, it was shown that lysosomal ceramides bind to cathepsin D and mediate a release of cathepsin D from lysosomes [32, 33] . In addition, the acid sphingomyelinase and ceramides have been implied in the regulation of inflammation and in activation of the inflammasome [34, 35] , a multiprotein complex that culminates in stimulation of caspases, in particular caspase 1, and the release of Interleukin-1β (IL-1β) and other cytokines [36] .
Here, we tested whether α-toxin activates the acid sphingomyelinase/ceramide system in macrophages and whether it triggers lysosomal ceramides to activate the inflammasome. We demonstrate that S. aureus α-toxin activates the acid sphingomyelinase in ex vivo bone marrow-derived macrophages and triggers a release of ceramides mainly in lysosomes. The release of ceramides in lysosomes upon α-toxin treatment results in an increase of lysosomal permeability and a translocation of cathepsin B and D from lysosomes into the cytoplasm. Cathepsin B associates with the inflammasome protein Nlrc4, activates the inflammasome and mediates the release of IL-1β, which is inhibited by pharmacological blockade of cathepsin B. In contrast, α-toxin also induces a massive release of TNF-α from macrophages, which is not affected by cathepsin B inhibition. All of these events are prevented in macrophages genetically deficient for the acid sphingomyelinase or treated with the functional inhibitor of the acid sphingomyelinase amitriptyline.
Materials and Methods
Mice and Ethics Statement
Acid sphingomyelinase (Asm)-deficient mice [37] (sphingomyelin phosphodiesterase 1 knockout; Smpd1 −/− ) and wildtype littermates (WT) mice were maintained on a C57BL/6 background. The genotype was determined by polymerase chain reaction. Mice were used at an age between 6 to 8 weeks to avoid sphingomyelin accumulation [38] . Mice were bred in the animal facility of the University of Duisburg-Essen under specific pathogen-free (SPF) conditions, according to the criteria of the Federation of Laboratory Animal Science (FELASA). All experiments were done according to the rules of the FELASA.
Bone marrow-derived macrophages
Bone marrow-derived macrophages (BMDMs) were prepared and cultured as previously described [39] . Mice were sacrificed, femurs and tibias were prepared and the bone marrow was flushed out with minimum essential medium (MEM; Invitrogen) supplemented with 10% fetal bovine serum, 10 mM HEPES (Roth GmbH; pH 7.4), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 µM non-essential amino acids, 100 U/ mL penicillin, and 100 µg/mL streptomycin (all from Invitrogen). Cells were isolated by repeated pipetting and cultured for 24 hrs. Non-adherent cells were carefully removed, washed, counted and cells were cultured in 6-or 24-well plates in MEM with 20% L-cell supernatant, which contains macrophage colony-stimulating factor required for macrophage growth and differentiation. We used 1×10 5 cells for all microscopy studies, 1×10 6 cells for measurement of the acid sphingomyelinase and ceramides and western blot studies and 2×10 6 cells for immunoprecipitations, respectively. If the cells were used for immunofluorescence and confocal microscopy studies, we cultured them on small glass slides fitting into the wells of a 24-well plate. For all other experiments, macrophages were directly cultured in the 6-well plate. Fresh MEM/L-cell supernatant media was applied after 4 days of culture. Macrophages mature within the next 6 days and were used on day 10 of culture.
Stimulation of bone marrow cells with S. aureus α-toxin S. aureus α-toxin was obtained from Sigma, dissolved in sterile PBS and used at a final concentration of 10 µg/mL to stimulate the cells for the indicated times.
Cells were pre-treated with amitriptyline (25 µM, Sigma) for 60 min in MEM supplemented with 10 mM HEPES (pH 7.4) or with the cathepsin B inhibitor CA-074Me (50 µM, Sigma) for 30 min.
Acid sphingomyelinase activity Cells were treated with S. aureus α-toxin or left untreated, lysed in 200 µL of 250 mM sodium acetate (pH 5.0) and 1% NP40 for 10 min and shock-frozen in liquid nitrogen. The protein concentration was measured in an aliquot by a Bradford protein assay (BioRad). The samples were thawed and aliquots corresponding to 2 µg of protein were diluted into 250 mM sodium acetate (pH 5.0) and 0.1% NP40. The enzyme reaction was started by addition of 100 pmol BODIPY-FL C 12 -sphingomyelin (Thermo Fisher) and the samples were incubated at 37°C for 1 h with shaking at 300 rpm. The reaction was stopped by the addition of 250 µL chloroform:methanol (2:1, v/v), samples were centrifuged for 5 min at 22,000 × g (14,000 rpm), an aliquot of the lower phase was dried in a SpeedVac Concentrator (Thermo Fisher Scientific) and resuspended in 10 µL of chloroform:methanol (2:1, v/v). The samples were spotted onto a thin-layer chromatography (TLC) plate (Merck) and separated with chloroform:methanol (80:20, v/v). TLC plates were analyzed using a Typhoon FLA 9500 laser scanner (GE Healthcare Life Sciences, USA) and ImageQuant software (GE Healthcare Life Sciences).
Immunostainings
Macrophages were cultured on coverslips, washed and stimulated with S. aureus α-toxin as above or left untreated in MEM supplemented with 10 mM HEPES, pH 7.4. The medium was removed and cells were immediately fixed in 4% paraformaldehyde (PFA; Sigma) in PBS (pH 7.4) for 10 min. Cells were then washed 3 times with PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min at room temperature. Cells were washed again with PBS and blocked for 15 min with 5% FCS in HEPES/Saline (H/S) buffer consisting of 132 mM NaCl, 20 mM HEPES (pH 7.4), 5 mM KCl, 1 mM CaCl 2 , 0.7 mM MgCl 2 , and 0.8 mM MgSO 4 to block non-specific binding. Cells were washed again and then incubated for 60 min with anti-ceramide antibodies (diluted 1:100, mouse monoclonal IgM; Glycobiotech), anti-Lamp-1 (1:200, Abcam #24245), anti-cathepsin D (1:100, R&D #AF1024), anti-cathepsin B (1:100, R&D #AF965), anti-Nlrc4 (1:50, Lifespan Biosciences #Ls-c148271-50) or anti-Asc (1:100, Santa Cruz Inc. #sc30153), respectively. All antibodies were diluted in PBS, 5% FCS. Samples that were co-stained with two antibodies were incubated consecutively with the antibodies and the samples were washed 3 times with 0.05% Tween-20/PBS for 5 min between the incubations. After the last incubation, cells were washed again 3 times for 5 min each and incubated with FITC-or Cy3-conjugated F(abʹ) 2 fragments of secondary antibodies corresponding to the primary antibodies. All antibodies were from Jackson ImmunoResearch.
Finally, the samples were washed again 3 times with 0.05% Tween 20/PBS and once in PBS and were mounted with Mowiol (Kuraray Specialities Europe GmbH). Samples were analyzed with a Leica TCS SP5 confocal microscope and Leica LCS software (Leica Microsystems).
Western blot and immunoprecipitation studies
Whole cell lysates: Cells ( 1×10 6 ) were lysed in ice-cold 0.1% sodium-dodecylsulfate (SDS), 25 mM HEPES, 0.5% deoxycholate, 0.1% Triton X-100, 10 mM ethylenediaminetetraacetic acid (EDTA), 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 125 mM NaCl, and 10 µg/mL aprotinin/leupeptin (all from Sigma). Lysis was allowed to complete for 5 min on ice. Samples were then centrifuged at 22,000 × g for 5 min at 4°C to pellet insoluble material, the supernatants were collected and added to 5x SDS Laemmli sample buffer. Samples were incubated at 95 o C for 5 min and proteins were separated by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were electrophoretically transferred to nitrocellulose membranes and blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline supplemented with 0.05% Tween 20. Blots were incubated overnight at 4°C with anti-cathepsin D (diluted 1:1000, R&D #AF1024) or anti-cathepsin B (1:1000, R&D #AF965), respectively. Blots were washed and developed with alkaline phosphatase-coupled secondary antibodies (1:20 000; Santa Cruz Biotechnology Inc.) using the Tropix chemoluminescence system (Amersham Pharmacia Biotech Inc.).
Separation of cytoplasmic from lysosomal proteins: Cells ( 1×10 6 ) were lysed in ice-cold 50 µg/mL Digitonin, 150 mM NaCl, 50 mM HEPES (pH 7.4), 10 g/mL aprotinin/leupeptin (all from Sigma), incubated on ice for 10 min and centrifuged at 2,000 × g for 5 min at 4°C to pellet insoluble material. The supernatants were collected, processed as above and blotted with anti-cathepsin B or anti-cathepsin D antibodies.
Co-immunoprecipitations: Cells (2×10 6 ) were stimulated with S. aureus α-toxin or left untreated, lysed in 0.1% SDS, 25 mM HEPES, 0.5% deoxycholate, 0.1% Triton X-100, 10 mM EDTA, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 125 mM NaCl, and 10 µg/mL aprotinin/leupeptin (all from Sigma) for 5 min and centrifuged at 22,000 × g, 4 o C for 5 min. Samples were incubated on a nutator for 4 hrs with anti-Nlrc4 antibodies (1 µg/mL, LifeSpan BioSciences #Ls-c148271-50) or anti-NLRP3 (1 µg/mL, Adipogen life sciences #AG-20B-0014-C100) followed by incubation with 30 µL protein A/G agarose (Santa Cruz Inc.) for 45 min. The immune-complexes were washed 6 times in lysis buffer as above and proteins were eluted in 1x SDS Laemmli sample buffer. Samples were processed as above and blotted for cathepsin B or cathepsin D.
ELISA ELISA assays for IL-1β and TNF-α were performed as described by the vendor (R&D). We used cell pellets and the culture supernatants for ELISA assays.
Statistics
Data are given as arithmetic means ± standard deviation (SD). One-way analysis of variance (ANOVA) with Bonferroni correction followed by the Student-Newman-Keuls test was used to test for multiple comparisons. Statistical significance was set at the level of p < 0.05. All data were obtained from independent measurements.
Results
S. aureus α-toxin activates the acid sphingomyelinase
In order to test whether S. aureus α-toxin activates the acid sphingomyelinase/ ceramide system to induce inflammation, we tested whether treatment of bone marrow- Biochemical studies demonstrate a sustained activation of the acid sphingomyelinase upon treatment of wildtype (WT) macrophages with α-toxin (Fig. 1) .
S. aureus α-toxin induces lysosomal ceramides and a release of cathepsin B and D from lysosomes via the acid sphingomyelinase
Confocal microscopy studies on macrophages stained with Cy3-anti-ceramide and FITC-anti-Lamp-1 antibodies (the latter one served to detect lysosomes) revealed that most of the ceramides triggered by treatment of WT macrophages with α-toxin localized to lysosomes (Fig. 2A) . The increase of lysosomal ceramides upon treatment with α-toxin was absent in macrophages lacking the acid sphingomyelinase ( Fig. 2A) .
To confirm the notion of lysosomal release of ceramides upon treatment of macrophages with α-toxin, we co-stained macrophages with anti-ceramide, anticathepsin B and anti-cathepsin D antibodies. Cathepsin B and D also localize to lysosomes. The studies confirm a release of ceramides in lysosomes of WT macrophages, which was absent in lysosomes of cells lacking the acid sphingomyelinase ( Fig. 2B and C) . However, careful inspection of the confocal microscopy results revealed that a fraction of cathepsin B and D did not localize with ceramides after stimulation, leading us to investigate whether α-toxin induces a release of cathepsins from lysosomes.
To this end, we co-stained macrophages prior and after stimulation with α-toxin for cathepsin B and D and Lamp-1, as marker for lysosomes. While, cathepsin B and D co-localized with Lamp-1 in WT and acid sphingomyelinase-deficient macrophages prior to stimulation with α-toxin (Fig. 3A and B) , stimulation of the cells with α-toxin resulted in a partial dissociation of the signal for cathepsin B and D and Lamp-1 in WT macrophages. This indicates a release of cathepsin B and D from lysosomes upon stimulation with α-toxin. In contrast, in acid sphingomyelinasedeficient macrophages most of the cathepsin B and D remained co-localized with Lamp-1 indicating that α-toxin had almost no effect on the localization of the two proteins in acid sphingomyelinase-deficient cells (Fig. 3A and  B) . However, a small amount of cathepsins was also released in acid sphingomyelinasedeficient cells. To confirm this notion and to quantify the release of cathepsin B and D from lysosomes upon treatment with α-toxin, we separated lysosomes from the cytoplasm and performed western blot studies for cathepsin B and D. Controls, analyzing total cell lysates, show a similar total expression of cathepsin B and D in WT and acid sphingomyelinasedeficient macrophages ( Fig. 3C and D) . Western blot studies with cells that were lysed with digitonin to separate cytoplasmic from lysosomal proteins revealed that α-toxin induced a marked release of cathepsin B and D from lysosomes in WT cells, while much less cathepsin B and D were released from lysosomes in acid sphingomyelinasedeficient cells upon treatment with α-toxin ( Fig. 3E and F) .
Amitriptyline has been shown to mediate a functional inhibition of the acid sphingomyelinase [40] [41] [42] [43] . We therefore tested whether treatment of WT macrophages with amitriptyline blocks the release of cathepsin B and D. The results were consistent with the data obtained in acid sphingomyelinase-deficient cells and showed that amitriptyline inhibits the release of cathepsin B and D from lysosomes into the cytoplasm after treatment with α-toxin (Fig. 4) . The residual release of cathepsin B and D into the cytoplasm in acid sphingomyelinase-deficient cells after treatment with α-toxin was further reduced by pretreatment with amitriptyline.
S. aureus α-toxin induces cytokines via the acid sphingomyelinase and lysosomal ceramides
Next, we tested whether activation of the acid sphingomyelinase/ceramide system in lysosomes is linked to activation of the inflammasome and whether such a potential link is mediated by cathepsin B and/or D. To this end, we tested whether cathepsin B and D colocalize with Asc, a central regulator of the inflammasome, after treatment of macrophages with α-toxin. Confocal microscopy studies indicated a co-localization of cathepsin B with Asc ( Fig. 5A) after treatment of WT macrophages with α-toxin, while much less cathepsin B co-localized with Asc in acid sphingomyelinase-deficient cells. In contrast, confocal microscopy revealed that most of the cathepsin D did not co-localize with Asc (Fig. 5B) . However, confocal microscopy studies certainly do not allow to determine whether two proteins really associate. We therefore performed co-immunoprecipitation experiments to test whether α-toxin induces a true association of Nlrc4, a downstream target of Asc and known to form a complex with Asc in the active inflammasome multiprotein complex, with cathepsin B. These studies demonstrate that Nlrc4 co-precipitated with cathepsin B after treatment of wildtype macrophages with α-toxin, while almost no association of Nlrc4 with cathepsin B was detected in acid sphingomyelinase-deficient macrophages treated with α-toxin (Fig. 5C) . Likewise, pretreatment with amitriptyline reduced the association of Nlrc4 with cathepsin B after stimulation of wildtype macrophages with α-toxin (Fig. 5D ). We did not detect a significant effect of α-toxin on the association of Nlrc4 with cathepsin D in coimmunoprecipitation experiments (not shown).
To determine the significance of the ceramide-mediated release of cathepsin B from lysosomes and its association with Nlrc4, we determined the formation of IL-1β and TNF-α in WT, acid sphingomyelinase-deficient and amitriptyline-treated WT macrophages after treatment with α-toxin ( Fig. 6A and B) . In addition, we measured the release of IL-1β and TNF-α in the cell culture supernatants (Fig. 6C and D) . These studies revealed a marked, time-dependent formation of IL-1β and TNF-α in WT macrophages after stimulation with α-toxin, which was reduced in acid sphingomyelinase-deficient macrophages or WT macrophages treated with amitriptyline ( Fig. 6A and B) . Amitriptyline had no effect on the residual formation of IL-1β and TNF-α in acid sphingomyelinase-deficient macrophages after α-toxin stimulation (Fig. 6A and B) , indicating that the inhibitory effect of amitriptyline on the release of these cytokines is entirely mediated by the acid sphingomyelinase. Treatment with the cathepsin B inhibitor further reduced IL-1β formation in acid sphingomyelinasedeficient cells (Fig. 6A) suggesting that a small part of cathepsin B is released from lysosomes independent of acid sphingomyelinase expression.
IL-1β and TNF-α were released from WT macrophages after stimulation with α-toxin ( Fig. 6C and D) . Treatment with amitriptyline or genetic deficiency prevented the release of IL-1β completely and reduced the release of TNF-α (Fig. 6C and D) .
To test the role of cathepsin B for the release of IL-1β after α-toxin stimulation, we treated WT and acid sphingomyelinase-deficient macrophages with the cathepsin B inhibitor CA-074Me (50 µM). These studies revealed that the cathepsin B inhibitor reduced the formation and the release of IL-1β from WT macrophages after α-toxin stimulation and further reduced the residual formation and release of IL-1β from acid sphingomyelinasedeficient cells after α-toxin treatment (Fig. 6A and C) . In contrast, the cathepsin B inhibitor CA-074Me was without effect on the formation and the release of TNF-α after α-toxin treatment of macrophages ( Fig. 6B and D) .
Discussion
In the present study we identified a novel mechanism how S. aureus α-toxin induces inflammation. We demonstrate that α-toxin causes activation of the acid sphingomyelinase and a formation of ceramides within lysosomes that results in the release of cathepsin B and D from lysosomes into the cytoplasm. We focused on the initial 2 hrs of the response of macrophages to α-toxin, since we assumed that effects of toxins on macrophages result in a rapid response. In fact, our data show a rapid release of cathepsin B into the cytoplasm with a subsequent activation of the inflammasome. However, these data do not exclude that α-toxin also induces a long-term activation of the acid sphingomyelinase/ceramide system, which may result in a continuous activation of the inflammasome. Further, a large portion Fig. 6 . Genetic deficiency or pharmacological inhibition of the acid sphingomyelinase reduces formation and release of Interleukin 1β and TNF-α in macrophages after S. aureus α-toxin treatment. Treatment of wildtype macrophages with S. aureus α-toxin results in formation of Interleukin 1β (IL-1β) (A) and TNF-α (B) as determined by ELISA from the cell pellets, which is reduced by genetic deficiency of the acid sphingomyelinase or pharmacological inhibition of the acid sphingomyelinase using amitriptyline. Pharmacological inhibition of cathepsin B using CA-074Me blocks the formation of IL-1β, but is without effect on TNF-α-formation. (C) Treatment of macrophages with α-toxin results in a release of IL-1β into the supernatant, which is completely abrogated by genetic deficiency of the acid sphingomyelinase, treatment with amitriptyline or the cathepsin B inhibitor CA-074Me. (D) TNF-α is released from wildtype macrophages into the cell culture supernatant after treatment with α-toxin, which is reduced by treatment with pharmacological or genetic deficiency of the acid sphingomyelinase, but unaffacted by the cathepsin B inhibitor CA-074Me. Displayed are the mean ± SD from 3 independent studies, *p<0.05, ANOVA.
of the lysosomal cathepsin B has been released from lysosomes and the inflammasome has been activated already 2 hrs after α-toxin treatment suggesting that this time period of treatment is sufficient to induce most of the changes investigated in the present manuscript. Cytoplasmic cathepsin B physically associates with Asc and Nlrc4, key components of the inflammasome [36] , and thereby activates the inflammasome as determined by a formation and release of IL-1β. Moreover, we demonstrate that α-toxin triggers the formation of TNF-α, at least partly, via acid sphingomyelinase, but independent of cathepsin B. Genetic deficiency or pharmacological inhibition of the acid sphingomyelinase prevented all of these events indicating the key role of the acid sphingomyelinase for the induction of proinflammatory cytokines in macrophages by S. aureus α-toxin. Lysosomal activation of the acid sphingomyelinase/ceramide system by bacterial toxins might be a novel mechanism how these toxins induce formation of pro-inflammatory cytokines.
At present, it is unknown how S. aureus α-toxin activates the acid sphingomyelinase. S. aureus α-toxin binds to its receptor ADAM10 at the plasma membrane [7] [8] [9] [10] , which is also a pre-requisite for the oligomerization and membrane integration of the toxin [10, 11] . Binding of α-toxin to ADAM10 or the wounding upon integration of the toxin into the membrane might trigger translocation of secretory lysosomes that contain the acid sphingomyelinase, to the plasma membrane bringing the acid sphingomyelinase in contact with the toxin. The acid sphingomyelinase may then generate ceramides in the plasma membrane and internalization of ceramide-enriched membrane domains together with the acid sphingomyelinase may finally result in an increase of ceramides within lysosomes. However, it seems to be more likely that the cell internalizes the toxin immediately after membrane incorporation to prevent cell damage and targets the toxin to lysosomes for degradation. Within lysosomes the cell responds to the toxin with an activation of the acid sphingomyelinase, formation of ceramides, the release of cathepsins, an activation of the inflammasome and the release of pro-inflammatory cytokines. The toxin may generate reactive oxygen species within the lysosome that have been previously shown to stimulate the enzyme activity of the acid sphingomyelinase [39, [44] [45] [46] [47] [48] . Alternatively, activation of the acid sphingomyelinase by α-toxin might be mediated by a direct contact of the acid sphingomyelinase with α-toxin and a conformational change of the acid sphingomyelinase [48] . In addition, the toxin may activate proteases that induce a limited cleavage and thereby activation of the acid sphingomyelinase, similar to the activation of the acid sphingomyelinase by caspases in multivesicular bodies [49] .
Ceramides have been shown to induce a lysosomal release and activation of cathepsin D [32, 33] . Cathepsin D has been linked to the induction of endoplasmatic reticulum stress [50] , suppression of autophagy [51] , degradation of XIAP [52] and induction of apoptosis [53] .
It might be possible that ceramide molecules bind to cathepsins and thereby facilitate the translocation of the proteins via the lysosomal membrane [32, 33] . Such a direct interaction of ceramides with cathepsin D has been previously shown [32] . In addition, the acid sphingomyelinase has been shown to be required for the fusion of phagosomes with lysosomes [54] and, thus, targeting of S. aureus α-toxin to lysosomes might also require the acid sphingomyelinase and the formation of ceramides. The toxin may then permeabilize the lysosomal membrane to allow release of cathepsins. Obviously, these events are not exclusive and the acid sphingomyelinase/ceramide system might have multiple functions in the cellular response to S. aureus α-toxin.
Ceramides may not be the only lipids that trigger permeabilization of the lysosomal membrane after activation of the acid spingomyelinase. It has been shown that sphingosine generation within lysosomes also mediates lysosomal permeability and compromises lysosomal integrity [55, 56] . It is certainly possible that S. aureus α-toxin does not only activate the acid sphingomyelinase, but also the acid ceramidase, and thereby triggers the formation of ceramide and sphingosine. Both lipids might contribute to an increased permeability of lysosomes and the release of cathepsins from the lysosome. An activation of the acid ceramidase with a subsequent formation of sphingosine from lysosomal ceramides, would also explain the finding that the release of cathepsins from lysosomes is not completely blocked in acid sphingomyelinase-deficient macrophages, because ceramides can also be generated within lysosomes by hydrolysis from other sphingolipids than sphingomyelin. Since amitriptyline does not only block the acid sphingomyelinase, but also the acid ceramidase [57] , this scenario would also explain why this inhibitor further reduces the release of cathepsins in acid sphingomyelinase-deficient cells.
Previous studies by Colombini et al. have shown that ceramide molecules form shortlived pores in mitochondrial membranes [58] . These pores are large enough to permit translocation of polypetides [59] . Similar ceramide channels were recently shown in lysosomes [60] and they may permit the translocation of cathepsin B from the lysosome into the cytoplasm after S. aureus α-toxin treatment. It will be very interesting to determine different ceramide species in lysosomes after treatment with S. aureus α-toxin and to measure whether the amounts and species of different ceramides are sufficient to mediate lysosomal ceramide channels.
In addition, ceramide accumulation in organelle membranes might also result in a very brief disruption of the bilayer [61] with a random "translocation" of proteins that attach to this specific area of the lysosomal inner membrane leaflet to the cytoplasm.
It has been previously shown that bacteria activate the inflammasome via cathepsins [62] [63] [64] . For instance, it has been previously shown that infection of endothelial cells with Lactobacillus casei results in increased lysosomal permeability and a release of cathepsin B into the cytoplasm, finally mediating stimulation of the Nlrp3 inflammasome and arteritis [64] . Interestingly, free fatty acids such as palmitate also triggered a cathepsin B-mediated activation of the inflammasome [65] and it remains to be determined whether treatment with S. aureus α-toxin also mediates an intracellular release of free fatty acids contributing to increased lysosomal permeability. However, only a few studies report that bacterial toxins trigger an activation of the inflammasome via cathepsin B [66, 67] and none of these studies has linked the acid sphingomyelinase/ceramide pathway to the inflammasome. Thus, it was shown that hemolysin from group B Streptococcus induces lysosomal leakage and inflammasome activation [66] . Likewise, anthrax lethal toxin stimulates the inflammasome, which is prevented by inhibition of cathepsin B [67] . Detailed insights into the mechanisms how these toxins activate the inflammasome require definition.
Our studies show a direct interaction of cathepsin B with Nlrc4 and Asc. Inhibition of cathepsin B4 prevents activation of the inflammasome and the release of IL-1β upon S. aureus α-toxin treatment. This suggests that limited cleavage of components of the inflammasome by cathepsin B activates the inflammasome and mediates the release of pro-inflammatory cytokines. In contrast to cathepsin B, we did not detect a S. aureus α-toxin-triggered association of cathepsin D with components of the inflammasome. Further, inhibition of cathepsin B was sufficient to prevent activation of the inflammasome by S. aureus α-toxin. Thus, the release of cathepsin D does not seem to result primarily in activation of the inflammasome and the cellular consequences mediated by the release of cathepsin D from lysosomes into the cytoplasm upon treatment of macrophages with S. aureus α-toxin require further studies.
The formation of TNF-α was also dependent on expression of the acid sphingomyelinase and reduced in cells lacking the acid sphingomyelinase or treated with amitriptyline. However, the formation of TNF-α after α-toxin-treatment was independent of cathepsin B indicating that the acid sphingomyelinase couples to several independent pathways regulating inflammation.
Our studies further show that genetic deficiency of the acid sphingomyelinase or treatment of WT macrophages with amitriptyline reduces the formation of IL-1β by approximately 50%, while the release of IL-1β from macrophages is completely prevented by genetic or pharmacological blockade of the acid sphingomyelinase. This indicates a dual role of the acid sphingomyelinase, which is important for intracellular formation of IL-1β and absolutely essential for the release of IL-1β from macrophages into the cell culture supernatant.
